The blood-brain barrier (BBB) transport and brain phosphorylation of glucose were assessed in con scious rats subjected to 2 days of starvation. Although plasma glucose decreased, no significant changes in brain blood flow, BBB glucose transport, or 2-deoxy-o-glucose Abbreviations used: BBB, blood-brain barrier; BUI, brain up take index; 2DG, 2-deoxY-D-glucose; 2DGP, 2-deoxY-D-glucose-6-phosphate.
The brain adjusts to starvation by utilizing ketone bodies as they appear in the circulation (Owen et aI. , 1967) , aided by an increase in the activity of both the blood-brain barrier (BBB) transport of ke tone bodies (Gjedde and Crone, 1975; Pollay and Stevens, 1980 ) and brain l3-hydroxybutyrate dehy drogenase (Smith et aI. , 1969) . Whereas brain oxi dation of glucose falls with the increased utilization of ketones during starvation (Owen et aI. , 1967; de la Monte, 1977) , it is not yet clear whether the overall rate of glucose utilization is decreased in the brain in fasting. Owen et al. (1967) showed that the efflux of lactate from the brain increases in fasting, suggesting that the major metabolic adaptation in the fasting brain is a depression of pyruvate oxi dation, not a decrease in glucose phosphorylation. Indeed, Corddry et al. (1982) have shown that 3 days of fasting in rats results in no depression in the rate of glucose phosphorylation in brain regions. However, DeVivo et al. (1975) , Newsholme et al. (1977) , and Christensen et al. (1981) have all sug-gested that brain utilization is depressed by fasting. Moreover, Christensen et al. (1981) have reported that BBB glucose transport is increased in fasting rats, a finding at odds with our previous studies showing no change in BBB glucose transport in fasting rats (Pardridge and Oldendorf, 1975) . Given the conflicting reports regarding both glucose phos phorylation and BBB glucose transport in the brain in fasting, the present studies examined both of these parameters in adult rats after 48 h of starva tion. Studies were performed in both pentobarbital anesthetized rats and conscious animals, since an esthetics may abort any adaptive changes in the fasted animal. 
METHODS

Materials
Animals
Male Sprague-Dawley rats (200-250 g) were obtained from Charles River Breeding Labs (Wilmington, MA, U.S.A.). Forty-eight hours prior to the experiment, the rats were placed in individual wire-bottom cages. Whereas control rats were given food and water ad li bitum , rats selected at random for starvation were de prived of food for 2 or 5 days prior to the experiment.
Carotid injection technique
One day before assay , the rats were anesthetized with sodium pentobarbital , and the right carotid artery was cannulated using the procedure of Braun et a!. (1985) . The carotid injection technique (Oldendorf , 1970) was used to obtain a brain uptake index (BUI) of transport across the BBB. The assay was initiated by the rapid injection of a 0.2-ml bolus through either the cannula into the right common carotid artery in conscious rats or the common carotid artery in rats anesthetized with pento barbital (6 0 mg/kg i.p.). The bolus of buffered (15 mM N-2-hydroxyethylpiperazine-N' -2' -ethane sulfonic acid , pH 7.4) Ringer solution contained a 14C-test substance , (2-4 f.LCi/ml) , [3H]water (10-20 J-lCi/m!) as a reference , and various concentrations of D-glucose. Fifteen seconds after injection , the anima l was decapitated and the brain removed. The right frontal cortex , the remainder of the right hemisphere , rostral to the midbrain , as well as an aliquot of the injection solution were individually solu bilized in 1-2 ml of Soluene-350 (Packard Instrument Co. , Downers Grove , IL , U.S.A.) at 50°C for 2 h. 3H and 14C content was determined by liquid scintillation spec trometry. The BUI was calculated as :
The extraction (E) of glucose was measured using the BUI of sucrose as a vascular space marker :
Calculation of cerebral blood flow and BBB transport parameters Cerebral blood flow (F) was calculated from K V' F= _ B _ EB (Bradbury et aI. , 1975) , where K B , the rate constant (min -I) of [14C]butanol efflux from the brain , was deter mined by linear regression of the brain content (dpm/g) of [14C]butanol at various times from 0.08 to 1 min after carotid injection ; V' , the brain-to-blood ratio (0.88 ml/g) of butanol distribution , was taken from Pardridge et a!. (1980) ; and EB , the extraction of butanol , was assumed to be 1.0 (Gjedde et aI. , 1980) . The extraction of water (EH OH ) was determined according to (Pardridge et aI. , 1982) :
Here , BUIHOH is the BUI of [3H]water relative to [14C]butanol at 15 s after injection and t (13 s) is the mean time between clearance of the bolus through the head (�2 s) and decapitation at 15 s .
The Km and V max of the saturable component of trans port and the K D of non saturable transport of glucose were calculated as described by Pardridge (1983) by nonlinear regression of the extraction (E) data :
where PS is the permeability-surface product (ml min-1 g-I) and Ca (mM) is the arterial glucose concentration.
The influx of glucose (V) was calculated as
The glucose efflux rate constant (k2) was given by Sokoloff et al. (1977) as
where V B is the brain water space (0.77 ml/g) (Crane et aI. , 1978) and C B (J-lmol g-l) is the brain glucose content. The rate of brain glucose phosphorylation was calculated from the transport data as described previously (Par dridge et aI. , 1982) :
Experimental determination of k3• CB• and brain glucose phosphorylation Control and 2-day-fasted rats were assayed for fron tocortical and hemisphere brain glucose phosphorylation by the sequential [3H]_ , [14C]2DG method of Crane et al. (1978) . This method measures the rate constant of 2DG phosphorylation (k; ) during the interval of 2-4 min after intravenous injection. Four minutes after injection , the rats were killed by brain microwave fixation (4 kW , 2.1 s ; Gerling Moore). Plasma glucose , brain glucose , and the frontocortical and hemisphere contents of glucose , PH]2DG , [14C]2DG , and [3H] _ and [14C]2-deoxY-D-glu cose-6 -phosphate (2DGP) were determined as described previously (Crane et a!. , 1978) ; k; was then calculated :
The rate constant of brain glucose phosphorylation , k 3 , was obtained by adjusting k� for the reduced rate of 2DG phosphorylation in brain relative to glucose , k 3 = k;/P C ,
where P C , the phosphorylation coefficient , is 0.38 (Crane et aI. , 1978) . The rate of brain glucose utilization (CMRo L U ) was calculated as :
Analysis of data
Nonlinear regression analyses were done on an IBM 36 0/91 computer with the use of subroutine P3R of the BMDP (Biomedical Computer P series) programs devel oped at the Health Sciences Computing Facility , UCLA (Los Angeles , CA , U.S.A.). Statistical significance at the p < 0.05 level was evaluated by Student's t test (Beck and Arnold , 1977) . Data are given as means ± SE.
RESULTS
Cerebral blood flow (F) and water extraction in conscious animals
The measurement of F was based on the rate of [14C]butanol efflux from the brain after carotid in jection. The hemisphere and frontal cortex levels of 8.7 ± 1. 1 9. 9 ± 1. 4 5. 3 ± 1. 3 7. 9 ± 0. 7 5. 7 ± 0. 6 5. 9 ± 0. 6 3. 9 ± 0. 7 5. 9 ± 0. 3
Data are means ± SEM (n = 4-9 animals) expressed as dpm/g brain as a percentage of the dose injected into the common carotid artery.
[14C]butanol at 0. 08-1 min after carotid injection are shown in Table 1 . The efflux rate constants, calculated from the linear regression of log plots of these data, are given in Ta ble 2 along with respec tive values for F.
Since [3H]H 2 0 was used as the reference sub stance for hexose uptake, it was necessary to mea sure the effects of fasting on brain water extraction. The BUI values for eH]H 2 0 at 15 s after injection are given in Ta ble 2 along with the calculated values for EH O H (see Methods). In the fed controls, the frontal cortex had 29% higher BUIH O H and EH O H than the hemisphere. Two days of fasting had no effect on either the BUIH O H or EH O H '
Glucose transport in conscious animals
The BUI values for glucose transport are given in Ta ble 3. These data, combined with the values for F and E H O H from Ta ble 2, were used to calculate the unidirectional extraction as well as estimates of Km, V max' and KD for glucose (see Methods). The BUI values for glucose were first corrected for re sidual vascular radioactivity by subtraction of the corresponding sucrose BUI values. As shown in Table 3 , fasting did not affect sucrose uptake.
The calculated kinetics of BBB glucose transport as well as the rate of glucose influx are shown in Table 4 . No significant changes in the Km or V max of saturable glucose transport were observed. The nonsaturable component of transport, KD, in creased slightly with fasting. The rate of nonsat urable influx is calculated: KD X Ca, where Ca = 8. 0 ± 0. 5 and 5.9 ± 1. 0 mM in fed and fasted rats, respectively. The non saturable hemisphere com ponent of influx increased from 0.17 to 0. 21 flmol min -1 g -I, whereas nonsaturable frontal cortex in flux remained at 0. 4 flmol min -1 g -I. Thus, the non saturable influx rose with fasting from 15 to 24% of the total influx in the hemisphere, but remained unchanged at 28% of the total influx in the frontal cortex.
The rate constants of glucose efflux from brain (shown in Ta ble 6) can be used to calculate the rate of glucose efflux: k 2 x CB, where values for CB are given in Ta ble 5.
Glucose phosphorylation in conscious animals
The rate of glucose phosphorylation was mea sured experimentally by obtaining k;, the rate con stant of 2DG phosphorylation, and calculating the phosphorylation rate as: (k; x CB)!PC (see Methods). The observed values for k; and CMRoLU are shown in Table 5 . Essentially identical values for k; were found for the hemisphere and cortex in fed and fasted rats.
The rate of glucose phosphorylation also may be Data are means ± SEM (n = 3-6 animals).
predicted from the equation: CMRoLU = Vinflux -Vefflux' Thus, Vefflux is calculated as k2 x CB, from the data in Table 6 , and subtracted from the corre sponding influx rates given in Ta ble 4. The resulting predicted values from CMRoLU are shown in Ta ble 6. The values of CMRoLU predicted from transport data (Table 6) are not significantly different from the experimentally observed values given in Ta ble 5.
Studies in pentobarbital-anesthetized animals
A comparison of brain blood flow, BBB glucose transport, and brain glucose phosphorylation in fed and 2-day-and 5-day-fasted pentobarbital-anesthe tized animals is shown in Ta ble 7. No significant differences were observed among the various trans port parameters in the three states, but a significant 37% decrease in brain glucose phosphorylation was observed at 5 days of fasting.
DISCUSSION
The quantitative analysis of the present studies is dependent on the validity of at least five assump tions. First, we assume that [14C]butanol is freely cleared across the BBB, as suggested by the work of Raichle et al. (1976) , Van Vitert et al. (1981) . However, Goldman et al. (1980) have shown that the extraction of [14C]_ butanol is only 74% in the conscious animal and 88% in the pentobarbital-anesthetized animal, indicating some diffusion limitation to the BBB clearance of butanol. In addition, our recent studies (Fierer and Pardridge, 1984) 1 2 5I-iodoamphetamine as an internal reference have shown that the maximal extraction of butanol is 87% in the hemisphere of conscious animals. How ever, in the computation of BBB transport param eters, the incomplete clearance of butanol will have offsetting effects. The fact that the extraction of bu tanol is < 1.0 leads to a slight overestimation of the EHOH parameters (Table 2 ) and a slight underesti mation of the blood flow parameters (Table 2) . Therefore, the incomplete clearance of butanol by the brain should not lead to any significant miscal culations in transport parameters. Second, we as sume that the rate of glucose-6-phosphate dephos phorylation in the brain is minimal over a brief 4min time period. This assumption is supported by the studies of Hawkins and Miller (1978) , which show that the loss of 2DGP occurs at a rate of �3.5%/min. In addition, the data of Hawkins et al. (1981) are consistent with a slow rate of glucose-6phosphate dephosphorylation in human brain. However, a study by Huang and Veech (1982) in dicates that the rate of glucose-6-phosphate de phosphorylation in the brain may be substantially faster than previous estimates. Third, we assume that the phosphorylation coefficient, or the ratio of the hexokinase phosphorylation of 2DG divided by the rate of glucose phosphorylation, is unchanged in fasting. Fourth, our calculation of CMRGLU as sumes that the distribution of glucose in the brain is uniform, such that the concentration of glucose in the whole brain is equal to its concentration in the intracellular space. This assumption appears a Estimates ± SEM were calculated from a nonlinear regression (see Methods) of brain uptake index data in Table 3 .
where Ca (arterial glucose) = 8. 0 ± 0. 5 and 5. 9 ± 1. 0 mM for fed and 2-day-fasted rats, respectively. kj, rate constant of 2-deoxyglucose phosphorylation by brain; Ca' glucose content in micro wave-fixed brain. a Equal to (k!CB)IPC, where PC (phosphorylation coefficient) = 0.38 for hemisphere and cortex (Pardridge et aI., 1982) . b Calculated from values for brain glucose (CB) and plasma glucose (Ca) ( Table 4 ).
valid, since it is likely that the rate of glucose trans port across the brain cell membrane is much faster than that across the BBB, owing to the marked dif ference in surface area of the two membranes. Fifth, the calculation of the rates of glucose utili zation in Ta ble 6, which are predicted on the basis of BBB transport parameters, assumes that BBB glucose transport is symmetric. Our previous studies have shown that the V maJKm ratio of BBB glucose transport is the same on the brain and blood sides of the barrier (Pardridge and Oldendorf, 1975; Oldendorf et aI., 1982) . In addition, Gjedde and Diemer (1983) have recently shown that the Km of glucose efflux from brain is identical to the Km of glucose influx. Provided that the above assumptions are valid, we conclude that both BBB glucose transport and brain glucose phosphorylation are unchanged in the conscious rat with 2 days of fasting. Our studies corroborate the report of Corddry et al. (1982) showing that CMRoLU is unchanged with 2 or 3 days of fasting. Since the brain utilization of ketone bodies is increased with fasting, it appears that the major metabolic adaptation in starvation is the di- Tables 4 and 5 and VB (brain water space) = 0.77 ml/g (Crane et aI., 1978) . b Predicted utilization is equal to the difference between the influx value ( version of glucose-derived pyruvate from the mi tochondria into brain lactate production followed by lactate efflux from brain. Indeed, Cremer et al. (1976) have suggested that the uptake of the ketone bodies by the brain is coordinated with the efflux of glucose-derived lactate from the brain in states of ketosis. Our studies also show that no significant differences in either cerebral blood flow or BBB glucose transport are observed with 2 days of fasting in either the conscious or the pentobarbital anesthetized state. We initially performed our studies with pentobarbital anesthesia, since Chris tensen et al. (1981) were able to document an ac celerated rate of BBB glucose transport in the fasted pentobarbital-anesthetized rat. After our ini tial studies with rats so treated indicated no induc tion in BBB glucose transport during fasting, we concluded that a possible induction of barrier glu cose transport might be aborted by barbiturate an esthesia. Therefore, we performed measurements of brain blood flow, BBB glucose transport, and brain phosphorylation in conscious animals for both hemisphere and frontal cortex analysis. Even in rats in the conscious state, we found no alteration in barrier glucose transport with fasting. Moreover, di verse types of data on transport, blood flow, phos phorylation, and brain glucose content were all in ternally consistent with an absence of any substan tial change in transport with fasting. For example, brain glucose was decreased by � 20% in fasting, but this can be attributed to a decrease in the plasma glucose. The brain-to-plasma glucose ratio actually increased by � 10% in fasting, which can be attributed to nonsignificant decreases in brain glucose utilization with no change in BBB glucose transport.
The internal consistency of our brain blood flow, BBB glucose transport, and brain glucose phos phorylation data is further documented by the pre dicted rates of glucose utilization shown in Ta ble 6. The BBB glucose transport parameters were used to calculate the rates of glucose influx and efflux across the BBB in fed and fasted rats. The differ ence between efflux and influx should be equal to the rate of glucose utilization in brain. The pre dicted rates of phosphorylation shown in Ta ble 6 are not significantly different from the experimen tally observed rates reported in Ta ble 5 computed with the use of [14C]2DG as glucose analogue. The V max values for BBB glucose transport in the hemisphere or the cortex are two to four times greater than those reported previously for the rat under deep pentobarbital anesthesia. Similarly, the rate of cerebral blood flow is approximatiey three times greater in the conscious animal (Table 7) . However, the V max values computed with the ca rotid injection technique are still substantially less than those ranging from 3.9 to 4.1 /-Lmol min -1 g -1 determined with an intravenous injection technique (Gjedde and Rasmussen, 1980; Cremer et aI., 1983; Hawkins et aI., 1983) . Part of the discrepancy be tween the V max values computed with the two tech niques may be attributed to either the lack of esti mation or the underestimation of the nonsaturable component of glucose transport (Ko). For example, given that Ko = 0.050 ml min -I g-I for BBB glu cose transport in the cortex of the fed animal, then the component of nonsaturable glucose transport may approximate 30% at a plasma glucose level of 10 mM. KD was assumed to be 0 in the studies of Gjedde and Rasmussen (1980) and Hawkins et al. (1983) and 0.01 ml min -I g -I in that of Cremer et al. (1983) . The Ko problem, however, cannot ac count for any more than half of the discrepancies between the V max computed with the two different techniques. The use of intravenous injection tech niques to measure BBB glucose transport assumes that the intravenously injected bolus mixes com-pletely with the circulating rat plasma during cir culation through the lungs prior to isotope uptake by the brain. However, the studies of Paton (1961) have shown that a rapid intravenous injection is maintained as a partial bolus for at least one com plete circulation through the rat. The partial bolus effect would lead to an underestimation of the brain capillary glucose specific activity by an arterial col lection system and a concomitant overestimation of BBB glucose transport.
